Introduction Tyr(Ome)-hPhe-FMK at 7-100 M.
Giardia parasites are diplomonad protozoa thought to
Localization of Cysteine Protease to Cytoplasmic represent ''biological fossils'' (archezoa) of the earliest Vacuoles in Trophozoites lineage of eukaryotic cells (Peattie, 1990; Gillin et al., Fluorescent microscopy following exposure to the fluores-1991 Siddall et al., 1992) . Giardia lack mitochoncent cysteine protease substrate Z-F-R-4-MNA (Meesdria and peroxisome organelles present even in other ter et al., 1990) showed that cysteine protease activity protists, and sequence analysis of 16S ribosomal RNA in G. lamblia is localized in cytoplasmic vacuoles (Figure supports their ancient lineage (Sogin et al., 1989; Leipe 3) . These vacuoles are distinct organelles of Giardia et al., 1993) . The environment in which such early eukar- (Friend, 1966) , which had been reported to contain acid yotic cells evolved was probably both hostile and unstaphosphatase (Feely and Dyer, 1987) and protease activble. The Giardia life cycle includes a cyst form that proity by sedimentation studies (Lindmark, 1988) . tects the enclosed trophozoite from desiccation and harsh chemical environments. This would also have facilitated adaptation to parasitism when suitable hosts Cysteine Protease Inhibitors Have No Effect on Trophozoite Motility or Replication became available. The success of this adaptation is underscored by the fact that Giardia lamblia is now the Addition of 25 M Mu-Tyr(Ome)hPhe-FMK in DMSO to culture medium inhibited trophozoite cysteine protease most common intestinal parasite of humans worldwide (Adam, 1991; Farthing, 1992; Kappus et al., 1994) . It is activity 100% as assessed by the Z-F-R-4-MNA assay ( Figure 3 ). The presence of inhibitor did not decrease an important cause of waterborne and restaurant associated outbreaks of diarrhea, travelers' diarrhea, and the rate of replication or alter morphology as judged by
Identification and Purification of the G. lamblia Excystation Cysteine Protease, CP2, Targeted by Fluoromethyl Ketone Inhibitors
Soluble proteins from a G. lamblia trophozoite extract were centrifuged, desalted, and purified by gel chromatography and anion exchange chromatography. Cysteine protease activity was monitored by cleavage of the fluorescent substrate Z-F-R-AMC in the presence of 5 mM dithiothreitol (DTT). Active fractions following anion exchange were pooled and incubated with biotinylated F-A-FMK (Bt-F-A-FMK). Bt-F-A-FMK, a biotinylated derivative of one of the fluoromethyl ketones that inhibited excystation (Figure 2A ), covalently binds to the active site of targeted cysteine proteases (Eakin et al., 1992) . The pooled active fractions, including any biotin-tagged cysteine proteases, were resolved by SDS polyacryl- and substrate development ( Figure 4) . A corresponding Coomassie-stained band was excised from a parallel blot for N-terminal amino acid sequencing (Figure 4) . The deduced N-terminal amino acid sequence light microscopy. These results suggest that G. lamblia (DKDDVPESFDFREE) was most similar to the N-termitrophozoites do not depend on cysteine proteases for nus of the 29 kDa cathepsin B of Sarcophaga peregrini growth or cytokinesis. Induction of encystation in the presence of 25 M Mu-Tyr(Ome)hPhe-FMK produced water-resistant cysts of the same quantity and quality as controls. Northern blot showing expression of cysteine protease genes CP2 The membrane was incubated with streptavidin-HRP and developed (CPG2) and CP3 (CPG3) but not CP1 (CPG1) in mRNA of replicating with H2O2 and DAB peroxidase substrate. Note single species at (T) and encysting (TE) trophozoites in medium without supplemen-‫03ف‬ kDa reacting with peroxidase-strepavidin. Lanes: 1, control tal iron. with no inhibitor; 2, crude Giardia extract; 3, purified cysteine protease. SB, Coomassie-stained SDS-PAGE gel of Giardia extract that was incubated with Bt-F-A-FMK and target protease captured on streptavidin beads; beads were then washed and protein released genomic DNA library. A third full-length cysteine proteby boiling in sample buffer.
ase gene was isolated (CP3). The 897 bp open reading frame when translated showed 80% nucleotide identity to CP2, and 83% identity at the predicted amino acid (Kurata et al., 1992) . It was used as a template to isolate level. CP1, by contrast, is only 52% identical. The nuclethe corresponding gene by PCR.
otide sequences of the three Giardia cysteine protease genes have been deposited in GenBank (U83275, Identification, Cloning and Sequencing U83276, U83277).
of the Excystation Cysteine Protease
A Southern blot of pulsed-field gel electrophoresis of Gene of G. lamblia G. lamblia DNA was probed sequentially with the three Using Giardia codon bias, a gene fragment of the excys-G. lamblia cysteine protease gene fragments. CP1 is tation cysteine protease (CP2) was amplified from G. located on the small chromosome II, CP2 and CP3 are lamblia genomic DNA by PCR using a degenerate primer located on chromosome IV. Restriction digest and based on the amino-terminal amino acid sequence of Southern blot analysis suggest CP1 is a single gene and the target cysteine protease identified using the biotinyl-CP2 and CP3 are single or low copy number (not shown). ated FMK inhibitor, and a primer homologous to the Northern blot analysis of messenger RNA isolated from conserved region around the active site Asn. A 595 bp trophozoites and encysting trophozoites show that un-PCR band was amplified, cloned, and sequenced. The der culture conditions without supplemental iron, CP1 deduced amino acid sequence was 100% homologous is not expressed, but both CP2 and CP3 are ( Figure 5 ). to the amino-terminal amino acid sequence of purified CP2 in the overlapping region. Generic cysteine protease primers (Eakin et al., 1990) were also used to screen Relationship of the Giardia Cysteine Protease Gene Family to Cathepsin B the G. lamblia genome for papain family cysteine protease genes by PCR. Several bands between 300 and Sequence analysis, database searches, and alignment ( Figure 6 ) of the three G. lamblia cysteine proteases 750 bp were amplified. A 520 bp band contained the sequences of the original primers and sequence homolsuggested that they are prototypes of the cathepsin B subgroup of the peptidase family C1 (Rawlings and ogy with cathepsin B. This cysteine protease gene fragment (CP1) was radiolabeled and used to probe a G. Barrett, 1994) . While lacking the active site ''loop'' found in higher eukaryote cathepsin Bs, the Giardia proteases lamblia genomic DNA phage library. A full-length cysteine protease gene (CP1) and flanking sequences were have more homology to cathepsin B than to papain or cathepsin L. Three cysteines (residues 14, 43, and 100) cloned. The first ATG of the longest open reading frame (908 bp) was presumed to be the start codon. The first unique to cathepsin B align well with the Giardia sequences ( Figure 6 ). The S2 substrate binding pocket of stop codon is followed by 42 bases and the conserved Giardia polyadenylation signal AGTPuAAPyr (Adam, the Giardia proteases is also similar to cathepsin B, with glycine at residue 198, and a negatively charged 1991). Like most protozoan genes and all known G. lamblia genes, no introns are present in CP1. The deglutamate at residue 245. This is thought to allow for the cleavage of substrates with positively charged argiduced protein (including a putative proregion) is 303 aa and is 42% identical to human cathepsin B. Radiolanine in the P2 position (Hasnain et al., 1992) , a biochemical property of cathepsin B. To confirm this prediction, belled CP2 was also used to reprobe the G. lamblia
The excystation protease is encoded by one of three cysteine protease genes identified in G. lamblia. CP2 was identified as the excystation protease by first using the biotinylated form of the irreversible cysteine protease inhibitor to ''tag'' its targets in Giardia. Only one protein species was targeted and its amino-terminal amino acid sequence determined. CP2 showed 100% identity in the region of overlap. Furthermore, Northern blot analysis indicated that the CP1 gene was not expressed under the culture conditions used in these studies. All three genes are prototypes of the cathepsin B subfamily of peptidase family C1 (the papain family), confirming speculation from previous phylogenetic studies that this gene subfamily had its origin in very primitive eukaryotic cells (Berti and Storer, 1995) . As the first known branch of this cathepsin B subfamily, the Giardia gene sequences are ancestral to both mammalian cathepsin B and dipeptidyl-peptidase I. While dipeptidyl-peptidase I would be expected to be absent from Giardia, it should be present in more advanced protozoa, loop that confers dipeptidyl-peptidase activity is absent. Structural additions like the loop, as well as specific the Giardia protease was incubated with two fluoresinterdomain charged residues identified by crystallocently labeled dipeptide substrates, Z-F-R-AMC and graphic studies of mammalian cathepsin B (Musil et al., Z-R-R-AMC. Both were cleaved as measured by release 1991), were in place as early as the evolution of the of the fluorescent AMC group (2.2 fu/min and 0.44 more advanced kinetoplastid protozoan parasites like fu/min, respectively). Under the same conditions, papain Leishmania, and before the divergence of the plant and had no activity versus Z-R-R-AMC.
animal kingdoms. Phylogenetic analysis (Figure 7 ) confirms the position The histochemical localization of cysteine protease of the G. lamblia cysteine protease gene family as the activity (Figure 3 ) is consistent with its proposed role in first branch of the cathepsin B subgroup of peptidase excystation. The protease activity is targeted to vacufamily C1. The Giardia proteases are ancestral to both oles in the cytoplasm that were previously shown to the divergence of the dipeptidyl peptidase I group, and move to the margin of the cells at the time of excystation, even the divergence of plant and animal cathepsin B.
and then to release their contents into the space between trophozoite and cyst wall (Coggins and Schaefer, Discussion 1986; Feely and Dyer, 1987; Lindmark, 1988) . No effects of cysteine protease inhibitors were noted on trophozoIn Giardia, an archezoan ''biological fossil'' of eukaryotic ite or cyst viability, trophozoite motility, or trophozoite evolution, a prototype cathepsin B protease is required replication. It has been suggested that processing of by the organism to rupture and to emerge from the cyst cyst wall precursors may be dependent on cysteine proform that provides resistance to desiccation and gastric tease activity (H. Lujan and T. Nash, personal communiacid. A simple life cycle, of cyst formation followed later cation). Further studies will be necessary to evaluate by cyst degradation to release a replicative form, may this possibility. have been essential to the adaptation and evolution of Members of the cathepsin B subgroup were long early eukaryotic cells in the hostile environment in which thought to function primarily, if not exclusively, like they evolved. The eventual adaptation of protozoa like mammalian lysosomal cathepsin B in intracellular proGiardia to parasitism would have been aided by the tein degradation. However, the Giardia cathepsin B is ability of the cyst to survive gastric acid before trophozoreleased extracellularly for cyst wall digestion; blood ites emerge in the nutrient-rich intestine of the host. This fluke cathepsin B is secreted into the worm intestine to evolutionary theme may have been expressed again in aid in hemoglobin degradation (Wasilewski et al., 1996) ; more advanced eukaryotic parasites-cysteine proteand even mammalian cathepsin B may be membraneases have also been implicated in excystation of metaassociated or secreted in invading tumor cells (Elliott cercariae of the parasitic lung fluke Paragonimus westermani (Chung et al., 1995) .
and Sloane, 1996). These observations now underscore of the first eukaryotic cells (Berti and Storer, 1995) .
Dublin, CA) by preincubating enzyme with inhibitor for 10 min at 22ЊC before adding to substrate.
Experimental Procedures

Localization of Cysteine Protease Activity in Giardia Reagents
The dipeptide substrate Z-F-R-4-methoxy-2-napthylamine (MNA, All buffer reagents were purchased from Sigma Chemical Co. (St.
Enzyme Systems Products, Livermore, CA) was used to identify Louis, MO) unless specified otherwise. Fluorescently labeled pepcysteine protease activity in intact trophozoites and cysts as pretide substrates were from Enzyme Systems Products (Dublin, CA).
viously described by Meester et al. (1990) . Trophozoites were obAll fluoromethyl ketone inhibitors were gifts of Mary Zimmerman served and photographed with a Zeiss fluorescence microscope and Robert Smith of Prototek, Inc. (Dublin, CA).
set at excitation ϭ 340 nm; emission ϭ 425 nm.
Giardia Cell Culture Isolation of G. lamblia Genomic DNA G. lamblia WB trophozoites (Smith et al., 1982) were a gift of Alice Genomic DNA was prepared from approximately 5 ϫ 10 8 G. lamblia Wang of the Department of Pharmaceutical Chemistry, University trophozoites grown to confluency. Trophozoites were pelleted at of California, San Francisco, and were subsequently maintained in 700 ϫ g for 7 min, washed three times in PBS, lysed with .5% modified TYI-S-33 medium (omitting ferric ammonium citrate) as Sarkosyl, .5 M EDTA (pH 8.0) with 200 g/ml proteinase K at 50ЊC previously described by Keister (Keister, 1983) .
for 2 hr, extracted three times with phenol/chloroform, dialyzed Encystation was induced by a modification of the procedure deagainst 500 volumes of TE at 4ЊC, and precipitated with 5% C-TAB scribed by Kane et al. (1991) : trophozoites were grown to near in .5M NaCl (Wang and Wang, 1986 ). confluency; expended medium and unattached trophozoites were poured off; encystation medium (TYI-S-33 [pH 7.8] with 5 mg/ml PCR Amplification, Cloning, and Sequencing bovine bile) was added and flasks were incubated at 37ЊC for 48-72 of G. lamblia Cysteine Protease Genes hr. Remaining trophozoites were lysed by incubation in distilled
To identify all Giardia cysteine protease genes, degenerate primers water for 45 min. Water-resistant cysts were collected by centrifugadesigned around conserved structural motifs flanking active site tion (300 g) and stored at 4ЊC no longer than 7 days.
Cys and Asn residues of papain family cysteine proteases (Eakin et G. muris cysts were collected from feces of chronically infected al., 1990) were used to amplify DNA fragments from G. lamblia nude mice. Cysts were isolated by pelleting and washing fecal sedigenomic DNA. To specifically identify the gene coding for the excysment ten times with distilled water followed by centrifugation at 700 tation protease, a degenerate primer was designed based on the ϫ g for 20 min over a 1 M sucrose cushion. Cysts recovered from N-terminal amino acid sequence of the purified cysteine protease the middle opalescent layer were stored at 4ЊC in distilled water identified as the inhibitor target. It was coupled with a primer homolprior to induction of excystation.
ogous to the active site Asn to amplify a DNA fragment of the Excystation of G. muris fecal cysts was induced by incubation in excystation protease gene (CP2) from genomic DNA by PCR. In 0.1 M potassium phosphate (pH 7.0), 0.3 M sodium bicarbonate for reactions with one degenerate primer and one homologous primer, 30 min at 37Њ (Feely et al., 1991) . Effects of cysteine protease inhibithe annealing temperature was 65ЊC. In reactions with two degenertion on G. muris excystation were evaluated by incubation of fecal ate primers, the annealing temperature was 45ЊC. Ampli-Taq polycysts with 7-100 M of the peptidyl fluoromethyl ketone morpholinemerase (Perkin-Elmer Cetus, Foster, CA) or Taq polymerase from tyrosine (O-methyl)-homophenylalanine-fluoromethyl ketone (MuBoehringer Mannheim (Indianapolis, IN) was used in all PCR reacTyr(Ome)-hPhe-FMK) (24) or 10-150 M L-trans-epoxysuccinyl-Ltions. The DNA thermocycler was obtained from Perkin Elmer Cetus leucylamide-(4-guanidino)-butane (E-64). Inhibitor was added for 30
Instruments (Foster City, CA). min at 37ЊC during the induction of excystation in bicarbonate and PCR fragments were gel-purified with Sephaglass (Pharmacia, in media washes, and for 1.5 hr at 37ЊC in culture medium (TYI-SUppsala, Sweden) and subcloned into Bluescript KS Ϫ plasmid (pBS) 33). Assessment of total excystation, partial excystation, or failure from Strategene (La Jolla, CA). Double-stranded DNA was seto excyst was determined with a Zeiss microscope adapted with quenced directly using pBS priming sites and Sequenase enzyme Hoffman optics and objectives. and reagents from U.S. Biochemical (Cleveland, OH) or Amplitaq Cysteine protease activity was inhibited in cultured trophozoites polymerase and cycle sequencing reagents from Perkin Elmer Cetus by 25 M of Mu-Tyr(Ome)hPhe-FMK (Rasnick, 1985) dissolved in (Foster, CA) according to manufacturers' instructions. DMSO. The final concentration of DMSO in culture medium was .025%. Adequacy of cysteine protease inhibition was assessed by Z-F-R-MNA fluorescence assay (described below). Parallel assays Genomic Library Construction, Cloning, of untreated controls and DMSO controls were performed.
and Sequencing Cysteine protease activity was inhibited during encystation by A G. lamblia genomic library of 15-20 kb fragments was constructed maintaining 25 M Mu-Tyr(Ome)hPhe-FMK until cysts were harin Lambda EMBL phage using the Lambda GEM-11 system (Provested.
mega Corporation, Madison, WI) according to the manufacturer's instructions. The library was screened consecutively by plaque hybridization using the PCR-generated gene fragments labeled with Assay of Cysteine Protease Activity in Trophozoite Extracts [␣-32 P]dCTP (Amersham, Arlington Heights, IL) by random priming. Phage DNA was transferred to NYTRAN circles (Schleicher and Trophozoites grown to confluency were pelleted at 700 ϫ g and washed three times in PBS. They were then lysed in the presence Schuell, Keene, NH) and hybridized in 6 ϫ SSC, 5% BLOTTO at 68ЊC, then washed stringently with 0.1 ϫ SSC, 0.1% SDS at 68ЊC of 0.1% Triton X-100, in a Fisher Model 300 ultrasonic homogenizer set at 60% and equipped with a microtip, for 7 min or until no intact according to Maniatis et al. (1987) . For ease of handling, large inserts from positive clones were digested with various restriction endonutrophozoites were visualized by light microscopy. The homogenate was centrifuged at 40,000 g for 60 min and the supernatant fraction cleases, electrophoresed on a 1% agarose, Tris acetate-buffered gel, and transferred to NYTRAN (Schleicher and Schuell, Keene, NH) was stored at Ϫ70ЊC prior to use. Cysteine protease activity was assayed by the liberation of the fluorescent leaving group 7-aminoby Southern blot. Bands containing cysteine protease genes were identified by probing the blots with the corresponding labeled PCR 4-methyl coumarin (AMC, Enzyme Systems Products, Livermore, CA) from the peptide substrates Z-Phe-Arg-AMC or Z-Arg-Arg-AMC fragment. Double-stranded DNA was sequenced as described above, designing sequencing primers homologous to internal se-(where Z is benzyloxycarbonyl). Substrate (5 M) was dissolved in 100 mM sodium acetate, 5 mM DTT (pH 7.5). Fluorescence was quence previously determined from PCR fragments. The sequences were confirmed for both stands of DNA in each instance. measured upon addition of enzyme sample with a Perkin-Elmer LS
